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We propose to selectively engineer a single cavity resonance to achieve frequency matching for optical para-
metric processes in high-Q microresonators. For this purpose, we demonstrate an approach, selective mode
splitting (SMS), to precisely shift a targeted cavity resonance, while leaving other cavity modes intact. We
apply SMS to achieve efficient parametric generation via four-wave mixing in high-Q silicon microresonators.
The proposed approach is of great potential for broad applications in integrated nonlinear photonics.
Optical parametric processes, including four-wave
mixing (FWM), second-/third-harmonic generation
(SHG/THG), parametric down-conversion (PDC), etc.,
have broad applications ranging from photonic signal
processing1,2, tunable coherent radiation3, frequency
metrology4, to quantum information processing5. In re-
cent years, there has been increasing interest in opti-
cal parametric processes in high-Q micro-/nano-cavities,
which exhibit great potential for dramatically enhanc-
ing parametric generation6–19. However, their efficiencies
rely crucially on frequency matching among the interact-
ing cavity modes, which is generally deteriorated by de-
vice dispersion. Frequency matching is particularly chal-
lenging in high-Q cavities, due to the narrow linewidths
of cavity resonances.
To date, a variety of methods have been proposed for
frequency matching. For FWM, a χ(3) nonlinear process,
current methods primarily focus on engineering group-
velocity dispersion of the devices7,8,10,13,14,20. For SHG,
a χ(2) nonlinear process, intermodal dispersion or bire-
fringence is generally employed to mitigate the frequency
mismatch11,12,15–19. These methods rely on manipulat-
ing material/waveguide dispersion of devices, which col-
lectively shifts the resonance frequencies of all cavity
modes by different extents.
In this paper, we propose and demonstrate an effective
approach for frequency matching that can be applied uni-
versally to optical parametric processes. Instead of mod-
ifying all cavity resonances via dispersion engineering, we
directly shift a single cavity resonance to a desired fre-
quency, while leaving other cavity modes intact. This is
realized by splitting the targeted cavity mode at ωm into
two modes at new frequencies ωm ± βm. By controlling
the magnitude of splitting, one resonance can be shifted
to coincide with the desired frequency (Fig. 1(a)). We
term this approach selective mode splitting (SMS).
SMS can be applied to various χ(2)/χ(3) processes
(Fig. 1(b-d)). For example, degenerate FWM requires
three interacting cavity modes to be equally spaced in
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frequency, ωsignal−ωpump = ωpump−ωidler, which is often
not satisfied due to device dispersion. The problem can
be solved by shifting one cavity mode to the desired fre-
quency, thus enabling parametric generation (Fig. 1(b)).
SMS is particularly useful for nonlinear processes includ-
ing SHG/THG and PDC (Fig. 1(c)(d)), where frequency
mismatch is difficult to mitigate due to the large fre-
quency separation among interacting modes.
In practise, SMS can be realized by the approach il-
lustrated in Fig. 2. A rotationally symmetric microres-
onator exhibits two degenerate cavity modes for each res-
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FIG. 1. (a) Schematic illustration of selective mode split-
ting. The frequency levels represent cavity resonances with
different azimuthal mode numbers (m-1, m, m+1). The mth
cavity mode is split into two modes. The magnitude of split-
ting is precisely controlled so that the lower frequency mode
matches the desired frequency (red dotted line). (b) Applica-
tion of SMS for frequency matching in degenerate FWM. The
m+1 and m-1 modes are used as the signal and idler modes,
respectively. The red dotted line represents the desired fre-
quency, (ωm+1+ωm−1)/2, for the pump mode. The arrows in
red indicate the process of parametric generation. (c, d) Ap-
plication of SMS for frequency matching in SHG/THG and
PDC, respectively.
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2onance frequency ωm, with the same azimuthal number
m. These two modes propagate in opposite directions,
clockwise (CW) and counter-clockwise (CCW), respec-
tively. We propose to apply a sinusoidal modulation
to the device radius, r = r0 + α cos(2nφ). Such a ra-
dius modulation would introduce a coupling between the
CW and CCW modes. Following the perturbation theory
with shifting boundaries21, the mode coupling strength
βm is found to be
βm = gαδmn, (1)
where g is given by
g = piωm
∫
dA
[
∆(|Ez|2 + |Eφ|2)−∆(−1)|Dr|2
]∫
dV (|Ez|2 + |Eφ|2 + |Er|2) . (2)
In Eq. (2), ∆ ≡ d − c and ∆(−1) ≡ −1d − −1c , where
d and c represent the dielectric constants for the device
and cladding layers, respectively. Er, Eφ, and Ez are
the electric field components along the radial, azimuthal,
and vertical direction, respectively. Dr is the displace-
ment vector component along the radial direction. The
integrations with respect to dA and dV are over the area
of the shifting boundary and the entire volume, respec-
tively.
This mode coupling lifts the frequency degeneracy of
the two modes and renormalizes them into two standing-
wave modes with new frequencies of ω±m = ωm ± βm
(Fig. 2(a)). Physically, one of the standing-wave modes
experiences a smaller effective radius and thus has a
higher resonance frequency ω+m, and vice versa. Equa-
tion (1) shows that, when m = n, βm scales linearly
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FIG. 2. Schematic illustration of sinusoidal radius mod-
ulation, δr = α cos(2nφ), to achieve SMS. (a) The radius
modulation couples two degenerate counter-propagating cav-
ity modes, CW and CCW, with azimuthal mode number m
equal to n, which produces two standing-wave modes with
a mode splitting of 2βm. (b) Other cavity modes (m 6= n)
remain unperturbed.
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FIG. 3. (a) Scanning electron microscopic (SEM) image of
a silicon microring sitting on a silica pedestal. (b, c) SEM
images of microrings with outer boundaries sinusoidally mod-
ulated with amplitudes of 5 nm and 40 nm, respectively.
with α and g. The finite-element-method simulation
shows that g is as large as 10.3 GHz/nm for a silicon
microdisk with a radius of 9.4 µm, thus enabling effi-
cient tuning of the resonance frequency. Of particular
interest is that the sinusoidal radius modulation leaves
all other cavity modes intact (βm = 0 for m 6= n),
as illustrated in Fig. 2(b). This single-resonance selec-
tion feature distinguishes our approach from other mode-
splitting methods22–29 that were studied in the contexts
of defect scattering, signal filtering, and particle sensing.
To prove this concept, we fabricated a set of silicon
microring resonators with outer radii modulated by dif-
ferent periods and amplitudes. Figure 3(a) shows an ex-
ample of a 220-nm-thick device with an outer radius of
9.4 µm and a ring width of 2 µm. The spoked-ring ge-
ometry is used to eliminate the high radial-order optical
mode families, for a clear view of the selected mode split-
ting. Figure 3(b,c) show the details of the sinusoidally
modulated outer boundaries. The fabricated devices are
tested in a tapered fiber coupling setup14. Figure 4 shows
the cavity transmission spectra of three devices with dif-
ferent modulation periods. By changing the modulation
periods, we are able to selectively split the cavity modes
located around 1530, 1540, and 1551 nm, respectively,
with mode splittings around 1.2 nm. In particular, other
cavity modes with different azimuthal numbers remain
nearly intact.
Figure 5(a) shows the transmission spectra of the cav-
ity mode around 1540 nm (m = 87) with modulation
amplitude (α) varying from 0 to 40 nm. Without ra-
dius modulation, the cavity mode exhibits a small nat-
ural splitting, which stems from scattering induced by
the sidewall roughness of the device23. The mode split-
ting increases linearly with the modulation amplitude,
reaching a value of 1.24 nm at a modulation amplitude
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FIG. 4. Cavity transmission of three devices with different
periods of radius modulation. Two mode families are clearly
visible. The mode family of interest is labeled with azimuthal
numbers. The targeted modes, with mode splittings above
1 nm, have azimuthal numbers of 88, 87, and 86, respectively,
from top to bottom.
of 40 nm, which corresponds to a resonance tuning rate
of 3.9 GHz/nm. This tuning rate is smaller than the the-
oretical prediction of 10.3 GHz/nm, which is likely due
to the etching process that tends to smooth out the sinu-
soidal patterns. On the other hand, the optical Q main-
tains around 2 × 105 for modulation amplitudes up to
15 nm (Fig. 5(b)). It slightly decreases with a larger mod-
ulation amplitude but still maintains as high as ∼ 1×105
for a modulation amplitude up to 40 nm. The significant
resonance tuning range and well-maintained optical Q
render SMS a promising technique for optical parametric
processes.
Moreover, SMS allows a variety of cavity mode combi-
nations for the parametric processes, enabling flexible fre-
quency management. For example, in degenerate FWM,
there are six potential mode combinations within five ad-
jacent cavity modes (Fig. 6(a)). The corresponding fre-
quency mismatches versus different modulation ampli-
tudes are shown in Fig. 6(b). Without radius modula-
tion, the device exhibits a frequency mismatch around
20 GHz, prohibiting the FWM process. However, modu-
lation amplitudes of 5 and 10 nm are able to achieve a fre-
Ca
vi
ty
 T
ra
ns
m
is
si
on
 (s
hi
ft
ed
)
Wavelength Detuning (nm)
0 5 10 15 20 25 30 35 40
0
50
0.5
1.0
1.5
2.0
2.5
100
150
200  
g = 3.9 GHz/nm
Modulation Amplitude (nm)
O
ptical Q
uality ( x10 5)
M
od
e 
Sp
lit
tin
g 
(G
H
z)
(a)
(b)
−0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8
1.0
1.5
2.0
2.5
FIG. 5. (a) Cavity transmission spectra of a targeted optical
mode (m = 87) with different modulation amplitudes varying
from 0 to 40 nm. Transmission spectra are shifted vertically
for better comparison of traces. (b) Mode splitting as a func-
tion of radius modulation amplitude. Experimental data are
shown as blue dots with a linear fitting shown in green. The
corresponding optical quality factors are plotted in red.
quency mismatch of 1.1 GHz and -1.4 GHz, respectively,
for two different mode combinations (blue and red), both
smaller than the cavity linewidth.
The achieved frequency matching in high-Q cavities
guarantees efficient FWM processes that are otherwise
forbidden. A typical example is shown in Fig. 7, where
the device radius is modulated by 2× 86 periods with an
amplitude of 5 nm. The cavity mode located around
1552.7 nm is split into two modes separated by ap-
proximately 150 pm (Fig. 7a, inset). The mode split-
ting reduces the frequency mismatch significantly from
21.5 GHz to 1.48 GHz if the right split mode is em-
ployed. Consequently, by pumping at this mode (Fig. 7a,
inset), we are able to produce efficient parametric gen-
eration of bright signal and idler photon pairs at wave-
lengths of 1541.9 and 1563.8 nm, respectively (Fig. 7(b)).
The smaller intensity of the signal mode compared with
the idler is simply due to the different coupling rates of
photons to the delivery fiber14. In contrast, when the
left split mode is used, the frequency mismatch is about
41.5 GHz and FWM is quenched.
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FIG. 6. (a) Six cavity mode combinations for degenerate
FWM. (b) Frequency mismatch versus radius modulation am-
plitude for the six schemes. The gray area indicates where
the frequency mismatch falls within the cavity linewidths
(∼ 3 GHz). The lines are used for eye guidance only.
Although our discussion focuses on engineering a single
cavity mode, in principle, SMS can be applied to selec-
tively split multiple cavity modes, by using a radius mod-
ulation of r = r0 + α1 cos(2m1φ) + α2 cos(2m2φ) + · · · .
Such a multi-mode SMS can be used to engineer all the
interacting cavity modes simultaneously in an optical
parametric process. The resulting modes are standing
waves and therefore have a better mode overlap, which
would further increase the efficiency of parametric gener-
ation. On the other hand, the inner radius of a microring
can also be employed for modulation. As a whispering
gallery mode is mostly confined by the outer perimeter,
the inner modulation would produce a much smaller res-
onance perturbation, resulting in a finer control of cavity
resonances compared with the outer modulation. There-
fore, the inner and outer modulation, when combined
together, enable frequency tuning with both high resolu-
tion and large dynamic range.
In summary, we have demonstrated selective mode
splitting (SMS) as a universal approach for frequency
matching of nonlinear optical parametric processes in
high-Q microresonators. It is capable of flexibly engineer-
ing individual cavity resonances to compensate a large
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FIG. 7. (a) Cavity transmission of the device with a radius
modulated by 2 × 86 periods with an amplitude of 5 nm.
The inset shows the details of the splitting, where the mode
on the right is used as the pump for degenerate FWM. (b)
Photoluminescence spectrum of the signal and idler photon
pairs produced via spontaneous FWM.
frequency mismatch. We applied this approach to pro-
duce bright photon pairs via degenerate four-wave mix-
ing. SMS exhibits great potential not only for broad ap-
plications in integrated nonlinear photonics, but also for
many applications that requires precise frequency con-
trol of cavity resonances, such as cavity quantum elec-
trodynamics with embedded atoms/quantum dots/spin
defects24,30.
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